Plants adapt to heterogeneous soil conditions by altering their root architecture. For example, roots branch when in contact with water by using the hydropatterning response. We report that hydropatterning is dependent on auxin response factor ARF7. This transcription factor induces asymmetric expression of its target gene LBD16 in lateral root founder cells. This differential expression pattern is regulated by posttranslational modification of ARF7 with the small ubiquitin-like modifier (SUMO) protein. SUMOylation negatively regulates ARF7 DNA binding activity. ARF7 SUMOylation is required to recruit the Aux/IAA (indole-3-acetic acid) repressor protein IAA3. Blocking ARF7 SUMOylation disrupts IAA3 recruitment and hydropatterning. We conclude that SUMO-dependent regulation of auxin response controls root branching pattern in response to water availability.
T he soil resources plants require, such as water, are often distributed heterogeneously (1) . To aid foraging, root development is responsive to the spatial availability of soil signals (2, 3) . Microcomputed tomography imaging revealed that soil-water contact affects root architecture, causing lateral roots (LRs) to form when roots are in direct contact with moisture (4, 5) . This adaptive branching response is termed hydropatterning (4, 5) . In this current study, we report the molecular mechanism controlling hydropatterning, revealing that core components of the auxin response machinery are targets for posttranslational regulation.
The hydropatterning response can be mimicked in vitro by growing seedling roots vertically on the surface of agar plates (4) . Opposite sides of a root are either in contact with moisture (directly with the plate or via the meniscus) or exposed to air ( fig. S1 ). To visualize whether primordia preferentially form on the side in contact with moisture, we transferred a root, including the gel it was growing on, into a light sheet fluorescence microscope to image young primordia and measure their angle of outgrowth with respect to the agar surface ( fig. S1 ). This revealed that LRs preferentially emerge from the side of the root in contact with moisture ( Fig. 1A) .
What causes new primordia to form on the water-contact side of a root? Seedlings exposed to a hydropatterning stimulus exhibit an auxin response gradient across the root radius (4). Auxin regulates LR development (6) . Auxinresponsive gene expression is regulated by a family of transcription factors termed auxin response factors (ARFs) (7) . The model plant Arabidopsis thaliana contains five ARF transcriptional activating genes termed ARF5, -6, -7, -8, and -19 (8) . To determine which ARF gene(s) controls hydropatterning, we phenotyped lossof-function alleles. ARF7 mutants (8, 9) were all impaired ( Fig. 1, A to C, and fig. S2 ), whereas hydropatterning was normal in mutants of other ARF family members tested ( fig. S3 ). Hence, hydropatterning appears ARF7 dependent.
ARF7 regulates LR initiation (6, 8, 10, 11) . Network inference, chromatin immunoprecipitationpolymerase chain reaction (ChIP-PCR) validation, and transcriptomic studies have revealed that ARF7 controls the auxin-dependent expression of LR regulatory genes such as LBD16 ( fig. S4) (12) . Like ARF7, LBD16 loss-of-function alleles lbd16-1 and lbd16-2 exhibit a hydropatterning defect ( fig. S5 ). ARF7 may therefore control hydropatterning in an LBD16-dependent manner. LBD-like genes are differentially expressed in maize during hydropatterning (5) . To determine whether LBD16 is differentially expressed in response to a hydropatterning stimulus by ARF7, we monitored spatial expression of a gLBD16-green fluorescent protein (GFP) reporter (13) . LBD16-GFP was first detected in the elongation zone ( Fig. 1D and movie S1) in a subset of cells [termed xylem pole pericycle (XPP) founder cells, from which primordia originate], consistent with this reporter being an early marker for LR development (13) . In Arabidopsis, LRs originate from pericycle cells positioned above either xylem pole (6) . We tested whether gLBD16-GFP was differentially expressed in XPP cell files closest to the agar. To mark which side of a root was exposed to air, we overlaid samples with agar with a low melting point and containing fluorescent beads and then imaged from multiple angles using light sheet microscopy (figs. S6 to S8). Reconstructed root images revealed preferential gLBD16-GFP expression in XPP cell nuclei earlier on one side of wild-type (WT) roots (Fig. 1E) . Asymmetric gLBD16-GFP expression was disrupted in arf7-1 (Fig. 1F) , consistent with the mutant's hydropatterning defect (Fig. 1C) . Quantification of LBD16-GFP distribution in WT and arf7-1 revealed this reporter was differentially expressed in an ARF7-dependent manner ( fig. S8 , A to D and F). To test whether asymmetric LBD16 expression is essential for hydropatterning, the constitutive 35S promoter was used to drive LBD16 expression in lbd16 ( fig. S9 ). Expression of 35S:LBD16 failed to rescue the lbd16 hydropatterning defect (in contrast to LBD16:LBD16-GFP). Hence, asymmetric LBD16 expression is essential for hydropatterning.
We next tested whether LBD16-dependent hydropatterning was controlled by means of differential ARF7 expression by using transcriptional and translational ARF7pro::ARF7-VENUS reporters (figs. S10 and S11). In contrast to gLBD16-GFP (Fig. 1 , E and F), ARF7 reporters did not exhibit differential expression in LR stem cells (Fig. 1G ). To test whether ARF7 was a target of posttranslational regulation, ARF7 was constitutively expressed (using the 35S promoter) in arf7-1. This revealed 35S:ARF7 could rescue arf7-1 hydropatterning (Fig. 1C and fig. S12 ).
Hence, ARF7 appears to control hydropatterning by means of a posttranslational (rather than transcriptional) mechanism.
ARF7 contains posttranslational regulatory motifs including four putative sites for addition of small ubiquitin-like modifier (SUMO) proteins at lysine residues (K104, K151, K282, and K889) ( Fig. 2A) . SUMO, unlike ubiquitin, can modify the function (rather than abundance) of target proteins (14) . We confirmed ARF7 is a target for SUMOylation by coexpressing GFPand hemagglutinin (HA) epitope-tagged ARF7 and SUMO sequences (Fig. 2B) . Addition of SUMO to ARF7 is abolished after replacing lysine with arginine in all four ARF7 SUMOylation motifs (in gARF7-4K/R ; Fig. 2B ).
To test the importance of ARF7 SUMOylation for LR development and hydropatterning, we expressed SUMOylatable gARF7 and nonSUMOylatable gARF7-4K/R transgenes in arf7-1. Bioassays revealed arf7 hydropatterning could be rescued by WT gARF7 (Fig. 2, C and D, and  fig. S13 ) but not by gARF7-4K/R (Fig. 2 , E and F, and fig. S14 ). Nevertheless, gARF7-4K/R (like gARF7) remained capable of restoring arf7 LR density to a WT level (Fig. 2F) . Hence, ARF7-4K/R remained functional but unable to regulate hydropatterning. Quantification of LBD16-GFP distribution in gARF7 versus gARF7-4K/R arf7-1 revealed that this reporter was differentially expressed only in the presence of SUMOylatable ARF7 ( fig. S8 , A to C and E and G). We conclude ARF7 SUMOylation is required for hydropatterning.
How does SUMOylation modify ARF7 activity? ARF7 is rapidly SUMOylated after auxin treatment (Fig. 2G) . One ARF7 SUMOylation site (K151) is located within the DNA binding domain ( Fig. 2A) (15) . SUMOylation may attenuate auxin-induced ARF7 DNA binding activity. Time course ChIP-PCR analysis revealed ARF7 transiently interacts with the LBD16 promoter after auxin treatment ( fig. S15 ). Furthermore, ChIP-PCR assays performed on LBD16 and LBD29 target promoters detected higher DNA binding by ARF7-4K/R -GFP than WT ARF7-GFP ( fig. S16 ). Hence, SUMOylation negatively regulates ARF7 DNA binding activity.
ARF7 transcriptional activity is negatively regulated by Aux/IAA (indole-3-acetic acid) repressor proteins (16) . Aux/IAA proteins such as IAA3/SHY2 and IAA14/SLR control ARF7 activity during LR development (16, 17) . Like arf7-1, IAA3 loss-of-function allele shy2-31 causes an LR hydropatterning defect (Fig. 3A and fig. S17 ). Thus, we tested whether interactions among ARF7, IAA3/SHY2, and IAA14/SLR were SUMO dependent. Pull-down assays revealed that ARF7-GFP interacted with IAA3/SHY2 and IAA14/SLR proteins ( fig. S18 ). In contrast, non-SUMOylatable ARF7-4K/R largely failed to pull down IAA3/SHY2. However, both forms of ARF7 interacted with IAA14/SLR ( fig. S19) . Hence, interaction between ARF7 and IAA3/SHY2 (but not IAA14/SLR) depends on the residues that regulate ARF7 SUMOylation.
Bioinformatic analysis revealed that IAA3/ SHY2 (but not IAA14/SLR) contained a SUMO interaction motif (SIM) (Fig. 3B) . With its SIM domain mutated, interaction between IAA3 and WT ARF7 was abolished (Fig. 3C) . Nevertheless, the IAA3 SIM mutant protein could interact with the TIR1 auxin receptor and TPL transcriptional repressor (figs. S19 and S20). Hence, mutating the SIM site differentially affects IAA3's ability to interact with SUMOylated ARF7 but not with other partners.
To assess the functional importance of the IAA3 SIM sequence in planta, we engineered transgenic plants overexpressing shy2-2 with or without SIM sequences. We examined the impact of the SIM sequence on the suppression of root branching characteristic of shy2-2 mutant plants (18), a phenotype not dependent on hydropatterning. We drove overexpression of the shy2-2 gene with the endodermal-specific CASP promoter. More root branching is evident in roots of plants expressing pCASP:shy2-2 without the SIM sequence than in plants expressing pCASP:shy2-2 with the SIM sequence (Fig. 3D) . Thus, overexpression of shy2-2 in endodermis can block ARF7-dependent LR development, but only if the SIM sequence is included.
SUMO modifiers are added and removed from target proteins by E3 ligases and SUMO proteases, respectively. In Arabidopsis, OTS1 and OTS2 proteases cleave off SUMO from nuclear localized proteins (19) . Pull-down assays revealed ARF7 is a direct target for OTS1 ( fig. S21 ). Our bioassays revealed that the ots1 ots2 mutant exhibits a hydropatterning defect ( fig. S22) . Hence, hydropatterning appears dependent on OTS1 and OTS2 function. These SUMO proteases are labile when plants are exposed to abiotic stress, causing their SUMOylated target proteins to accumulate (19, 20) . Indeed, transiently exposing gARF7-GFP seedlings to 20 minutes outside an agar plate resulted in a rapid increase in ARF7 SUMOylation (Fig. 2H) . Hence, the absence (rather than the presence) of water stimulates this posttranslational response. Modeling suggests a substantial differential in water potential is generated across the air and contact axis of the root (5). We hypothesize that this triggers SUMOylated ARF7 on the air side of roots to recruit IAA3 and create a transcriptional repressor complex, thereby blocking auxin-responsive gene expression associated with LR initiation (Fig. 3E) . Conversely, because IAA3 cannot be recruited by non-SUMOylated ARF7 in root cells on the contact side, this population of transcription factors can induce expression of genes like LBD16 to trigger organ initiation (Fig. 3E) . with ARF7-GFP or ARF7-GFP(4*K/R), followed by immunoprecipitation and western analysis, revealed that IAA3 interacts with ARF7 in a SIM-and SUMOdependent manner. (D) Phenotyping Arabidopsis seedlings expressing shy2-2 ± SIM by using the endodermal CASP1 promoter revealed CASP1:shy2-2 (WT) blocks LR branching (top), whereas CASP1:shy2-2 (non-SIM) branch normally (bottom). Seedlings are from six independent lines termed SIM-containing CASP1:shy2-2 (WT L1, L2, and L3) and non-SIMcontaining CASP1:shy2-2 (SIML1, L2, and L3).
(E) Schematic summarizing the SUMO-dependent ARF7 model for hydropatterning, in which ARF7 is SUMOylated on the air side of the root, resulting in an interaction with IAA3 that inhibits LR initiation. On the contact side of the root, ARF7 is not SUMOylated, enabling the transcriptional factor to activate expression of genes involved in LR initiation. Our study has revealed how environmental inputs modulate the auxin response machinery. The SUMO-mediated posttranslational regulation of auxin signaling operates on top of the specificity provided from distribution of the hormone itself and the expression patterns of individual regulatory components. Thus, auxin regulation controls root branching pattern in response to water availability, building a root architecture that optimizes access to water.
